Thermodynamic model for metalorganic vapor-phase epitaxy of N-polar group-III nitrides in step-flow growth mode: Hydrogen, competitive adsorption, and configuration entropy by Takashi Hanada
Thermodynamic model for metalorganic
vapor-phase epitaxy of N-polar group-III
nitrides in step-flow growth mode: Hydrogen,














Thermodynamic model for metalorganic vapor-phase epitaxy 
of N-polar group-III nitrides in step-flow growth mode: 
Hydrogen, competitive adsorption, and configuration entropy 
 
Takashi Hanada 
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan 
 
Supplement I: EXTRAPOLATION OF CHEMICAL POTENTIALS IN DATABASES 
 
To estimate the bond energies and chemical potentials of the adsorbed species, the chemical 
potentials of the related gases, AlN, GaN, and InN from the databases [34,35] are extrapolated as 
functions of temperature down to 0 K as follows. The extrapolated chemical potentials below 298 K 
(also above 1773 K for GaN and 1473 K for InN) are smoothly connected with the chemical 
potentials from the databases above 298 K as shown in Fig. 3. 
The chemical potential ( )gas
j
Tµ°  of a monatomic gas j at standard pressure p° (1 bar) is 
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where (0)gas
j
µ°  is a fitting parameter, approximately equal to the formation enthalpy at 0 K, and  
is the reduced Planck constant. The partition function el
j
Z  due to the electron configuration of the 
isolated atom is [37,39] 
( )(2 1)exp /el SOj jJ
J
Z J T= + −Θ∑  ,              (S2) 
where J is the total angular momentum of electrons and SO
jJΘ  is the energy splitting due to spin–orbit 
coupling divided by kB. 
SO




µ° . Table SI shows a summary of the electron configurations of the simple monatomic gases, 
whose d, f, and g orbitals are completely empty or full [S1]. From the table, elMZ  = 2+4
( )3/2exp SOM T− Θ  for a group-III atom M, HelZ  = 2, and NelZ  = 4. As a result of the fitting, Al (0)gasµ°  
= 3.3457 eV, 
Al3/2
SOΘ = 156.58 K, Ga (0)
gasµ°  = 2.7509 eV, 
Ga 3/2
SOΘ  = 1181.4 K, In (0)





SOΘ  = 3170.8 K, H (0)
gasµ°  = 2.1952 eV, and N (0)
gasµ°  = 4.8342 eV were obtained. The obtained 
3/2
SO
MΘ  values agree fairly well with those from the database [S1]: Al3/2
SOΘ  = 161.2 K, 
Ga 3/2
SOΘ  = 1189 
K, and 
In 3/2
SOΘ  = 3183 K.  
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where jA  and (0)
gas
j
µ°  are fitting parameters, rn  is the number of rotational degrees of freedom, 
vn  is the number of vibrational degree of freedom, and jiΘ  are the vibrational temperatures of gas j. 
jA  includes the effects of molecular rotation and electron configuration as well as those of molecular 
translation. In the case of NH3, the six 
3NH i
Θ  are 4801 K (symmetric stretch), 1367 K (symmetric 
bend), 4955 K (doubly degenerate stretch), and 2341 K (doubly degenerate bend) [34]. As a result, 
3NH
(0)gasµ°  = −0.5757 eV was obtained. In the case of NH2, the three 
2NH i
Θ  were also obtained from 
Ref. [34], while 1jΘ  of H2, N2, and NH were obtained from the fitting to Eq. (S3).  
The extrapolations of the chemical potential for the solid MN (M = Al, Ga, or In) were carried out 
using the following simple model derived from only two types of harmonic oscillators roughly 
representing the isotropic acoustic and optical modes: 
( )
2
N N B N
1
( ) (0) 3 ln 1 exp /M M M i
i
T k T Tµ µ
=
= + − −Θ  ∑ ,          (S4) 
where N (0)Mµ  and NM iΘ  are fitting parameters. As a result, AlN (0)µ  = −3.3374 eV, AlN1Θ
 = 469.3 Κ, AlN2Θ  = 1009 Κ, GaN (0)µ  = −1.1867 eV, GaN1Θ  = 277.8 Κ, GaN2Θ  = 1028 Κ, InN(0)µ  = 
−0.2509 eV, InN1Θ  = 202.5 Κ, and InN 2Θ  = 724.0 Κ were obtained. 
The difference in enthalpy at 0 K between the solid group-III nitride (NH3 gas molecule) and its 
component monoatomic gases is divided by four (three) to estimate the approximate bond energy of 
the single M–N (H–N) bond: -N
bond
ME  = N-
bond
ME  = [ (0)
gas
Mµ°  + N (0)




= [ N (0)
gasµ°  + 3 H (0)
gasµ°  - 
3NH
(0)gasµ°  + 3NHZPVE ]/3. The respective zero-point vibrational energies 
ZPVE  for group-III nitrides and NH3 should be subtracted from their enthalpies at 0 K. On the other 
hand, ZPVE  of the adatoms are explicitly included in Eq. (11). Using this method, N
bond
j
E −  for j = Al, 






E −  = N
bond
M
E − . Using the same method, the bond energies between H and N in NH2 and NH 
molecules are estimated as 3.9255 eV and 3.3973 eV, respectively. For an H adatom at the G1 site, 
G1
H H-Ga
bondEγ  in Eq. (11) is taken as 2.75 eV, with reference to Ref. [41].  
 
TABLE SI. Total spin S, total orbital angular momentum L, total angular momentum J (from 





L+ , where 0J  denotes the ground state J, of free atoms in groups 1, 2, and 
11–18 of the periodic table, with reference to the NIST Atomic Spectra Database [S1]. 
 
Group S L J Ground state 
1(IA), 11(IB) 1/2 0 1/2 
2
S1/2 
2(IIA), 12(IIB) 0 0 0 
1
S0 
13(IIIA) 1/2 1 1/2, 3/2 
2
P1/2 
14(IVA)  1 1 0, 1, 2 
3
P0 
15(VA) 3/2 0 3/2 
4
S3/2 
16(VIA) 1 1 2, 1, 0 
3
P2 
17(VIIA) 1/2 1 3/2, 1/2 
2
P3/2 




Supplement II: VIBRATIONAL TEMPERATURES OF ADATOMS 
 
The vibrational temperatures of Al, Ga, and In adatoms on the fixed surface N atoms are roughly 
estimated from the Keating force parameters [S2] of AlN, GaN, and InN [S3], respectively. From the 
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,               (S5) 
three (i = 1, 2, and 3) eigen angular frequencies jiω  of the adatom j are obtained, where jU  is the 
Keating energy as a function of the displacements xu , yu , and zu  of the adatom from its 
equilibrium position in a rectangular coordinate system, and jm  is the mass of the adatom. The 
components of the right-hand side of Eq. (S5) can be approximated as a linear form of the 
displacements if second- and higher-order terms are ignored. The vibrational temperatures of a 
4 
 
group-III T1 adatom M are T11MΘ  = ( )
1/2
N N B3 / 4 / /M M Mm kα β+   ℏ  (stretch) and 
T1
2MΘ  = 
T1
3MΘ  = 
( )1/2N B/ /M Mm kβ ℏ  (doubly degenerate bend), respectively, where NMα  ( NMβ ) is the 





are 623 K and 140 K for Al, 384 K and 86.4 K for Ga, and 271 K and 46.6 K for In, respectively. For 
a group-III B2 adatom, B21MΘ  = ( )
1/2
N N B2 / /M M Mm kα β+   ℏ  (symmetric stretch), 
B2
2MΘ  = 





m kβ ℏ  (swing). These are 
evaluated as 542 K, 714 K, and 198 K for Al, 335 K, 441 K, and 122 K for Ga, and 230 K, 311 K, 
and 65.9 K for In, respectively. The GN
n
iΘ  of N adatoms at the G1 and G2 sites are similarly 
estimated by replacing Mm  with the mass of N, Nm . In the case of an N adatom at the G3 site, 
G 3
N1Θ  = ( )
1/2
GaN GaN N B13 / 4 / /m kα β+   ℏ  (symmetric stretch) and 
G 3
N 2Θ  = 
G 3
N 3Θ  = 
( )
1/2
GaN GaN N B4 / /m kα β+   ℏ  (doubly degenerate in-plane mode).  
As a matter of fact, the vibrations of the adatoms and those of the underlying layer are not isolated 
from each other: the force parameters NMα  and NMβ  and equilibrium bond length of adatoms are 
different from those of bulk: the bond energy and vibrational temperatures may vary with temperature 
owing to the anharmonic effects responsible for thermal expansion. However, as shown in Sec. III D, 
the equilibrium condition for N-polar III-nitride growth depends solely on the chemical potential of 
the H T1 adatom if its coverage is approximately known; the chemical potential of the group-III T1 
adatom affects only the growth rate. Furthermore, because only growth at constant temperature is 
treated in Secs. III E–III G, errors in the vibrational parameters are compensated by the adjustment of 
T1
j
γ . Therefore, the roughly estimated vibrational parameters for the chemical potentials of the 
group-III and NHx adatoms are used in the present study. 
The stretching and bending (doubly degenerate) mode vibrational temperatures of an H T1 adatom 
are 4978 K and 1474 K, and those of an H G1 adatom are 2901 K and 1427 K, respectively, referring 
to the calculated mode energies [41]. In the case of an NH2 adsorbate at the G1 site, the vibrational 
temperatures of the nine modes are also obtained from Ref. [41] and the chemical potential evaluated 
using them is shown by the chained line in Fig. 3(h). 
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